enzymes, their systematic names, enzyme commission number, substrates, and products.
Amylolytic enzymes have several industrial applications such as saccharification of starch, production of high-glucose and maltose corn syrups, detergent, cyclodextrins synthesis, textile processing, paper and pulp manufacturing, and brewery [7] [8] [9] . These enzymes also work as antistaling agents to improve texture, volume, and flavour of bakery products. Amylolytic enzymes also have some medical applications such as digestive aids and dental plaque control agents [9] . With the opening of new avenues in biotechnology, the range of uses for amylolytic enzymes has increased into many other fields, such as clinical, environmental, and analytical chemistry [10, 11] . In order to produce soluble carbohydrates from starch, amylolytic enzymes from varying sources such as microbial, plant, and recombinant organisms have extensively been obtained [12, 13] .
The use of amylolytic enzymes in starch based industries has been prevalent for the last several decades but soluble enzymes is limited due to certain inherent problems such as high cost, lower stability, poor reusability, and difficulty of their use in continuous reactors. Therefore, alternative technology is required to economize the system and to employ enzymes on a large scale; enzyme immobilization is a preferred technology to employ enzymes at an industrial level in batch processes as well as in continuous reactors [14] . Since the advent of enzyme immobilization technology, a large number of methods have been developed to immobilize amylolytic and other enzymes and many of them have successfully been applied at a commercial level [15] [16] [17] . However, the immobilization of amylolytic enzymes on the surface of bulk supports via adsorption or covalent attachment or by entrapment is not suitable particularly for α-amylases, a major enzyme required for starch hydrolysis [18] . As the substrate for this enzyme class is a very large macromolecule, it creates steric hindrances in the binding with the active site of enzymes. There are also some more demerits of traditional immobilization of α-amylases such as poor yield of immobilization in the case of surface binding and the problem of accessibility of substrate for entrapped and microencapsulated enzyme [19] [20] [21] . In order to overcome these problems, nanoparticles (NPs) based supports can provide a solution to such problems. Current developments in the field of nanobiotechnology have given us distinct nanomaterials (NMs) for broad spectrum applications. NMs have emerged as an innovative field that has attracted remarkable attention from enzymologists. NMs are main components in the future market of advanced technology. NPs strongly influence the mechanical properties of the material, such as stiffness and elasticity and providing biocompatible environments for enzyme immobilization. The present need is to explore and apply new technologies in order to obtain immobilized enzymes with high stability and reusability [22] [23] [24] . NPs have unique properties such as large surface area and their surface can easily be modified for the purpose of enzyme immobilization. NPs supports have demonstrated their potential in immobilizing enzymes in high yield and the presence of NP-support with enzymes poses the least chances of steric hindrances [25, 26] . In one study, the author's group has investigated the immobilization of β-galactosidase on native and nano ZnO. The immobilization yield of this enzyme on nano ZnO was superior as compared to immobilization obtained on native ZnO. Nano ZnO bound enzyme was also remarkably more stable as compared to enzyme bound on native ZnO [27] . Moreover, nanosupports containing magnetic properties are very easy to collect from the reaction mixture. Magnetic nanoparticles (MNPs) based supports have shown their potential for the immobilization of various enzymes, especially α-amylases [28] [29] [30] [31] . In this review article an effort has been made to survey the recent literature based on the immobilization of amylolytic enzymes on/within nanomaterials. The kinetic parameters and stability properties of NPs/NMs immobilized enzymes have been discussed in detail. The applications of these immobilized enzymes have also been summarized. In this manuscript, all NMs-immobilized amylolytic enzymes; α-amylases, glucoamylases or amyloglucosidases or α-glucosidases, pullulanases, and β-amylases have been included.
α-Amylase
The α-amylase (EC 3.2.1.1) catalyzes hydrolysis of α-D-1,4-glucosidic bonds present in starch, glycogen, and other related polysaccharides. It breaks down long-chain carbohydrates into dextrins, maltotriose, and maltose from amylose or maltose, glucose and limit dextrins from amylopectin. The systematic name for this enzyme is , respectively [33] .
Mukherjee and coworkers [34] reported statistical optimization of immobilized Bacillus alcalophilus alkaline α-amylase onto nano-sized supermagnetic iron oxide MNPs for augmenting the cost effective industrial application of MNP-bound α-amylase. Both Plackett-Burman factorial design and response surface methodology (RSM) were employed to screen the influence of different parameters and the central effect of response on the α-amylaseiron oxide MNP binding process. The high coefficient of determination and analysis of variance, ANOVA of the quadratic model demonstrated the competence of proposed model. Immobilized α-amylase exhibited significantly high specific activity (approx. 26-fold), thermal, storage stability, and reusability compared to free α-amylase. These results open new avenues for applying MNP immobilized enzymes in different industrial sectors, particularly in paper and brewing industries.
In another study, α-Amylase from Bacillus amyloliquefaciens was simply adsorbed on the surface of SnO 2 NPs. NPs-bound α-amylase showed 90% of the enzymatic activity. Far UV-CD spectra demonstrated that SnO 2 NPs binding with α-amylase altered its secondary structure. The genotoxicity of SnO 2 -NPs was analyzed by pUC (19) plasmid nicking and comet assay and the results revealed that there was no significant damage in lymphocytes DNA. Bound enzyme exhibited no change in pH-optima whereas the temperature-optimum for immobilized α-amylase was 5°C greater than its free form. In addition, immobilized enzyme preserved above 70% activity after 8 cycles of reuse [35, 36] . Soleimani et al. [37] carried out immobilization of α-amylase on silica NPs and immobilized enzyme was employed in the formulation of detergent powder for enhancing removal of starch soils. The immobilized enzyme significantly enhanced the cleaning efficiency for starch soil removal from cotton fabrics compared to native enzyme. In addition, immobilized enzyme exhibited remarkably high stability against temperature and humidity compared to free enzyme. Glutaraldehyde activated silanized calcium carbonate NPs was used for the covalent immobilization of α-amylase. The nano CaCO 3 bound enzyme was characterized by FTIR and SEM and the immobilized enzyme showed the yield as 199.43 mg g -1 of support. The immobilized enzyme exhibited its pH optima at pH 6.5 and higher activity at elevated temperatures, 50-90°C. Nanosupport bound enzyme was repeatedly used 25 times while retaining 18.2% of its activity. V max was decreased for immobilized enzymes, 0.35 mg mL -1 min -1 as compared to free enzyme, 10 mg mL -1 min -1 [38] . In a further study, Khan et al. [39] described the immobilization of porcine pancreatic α-amylase on magnetic Fe 2 O 3 MNPs and used this preparation for hydrolysis of starch. The MNPs immobilized α-amylase retained 94% of its catalytic activity and exhibited lower pH optimum, pH 6.0 as compared to free enzyme, pH 7.0. Optimum temperature for the immobilized enzyme shifted higher as well. The immobilized enzyme was significantly more resistant to inactivation caused by various metal ions and chemical denaturants. Moreover, immobilized α-amylase had hydrolyzed 92% of starch in batch processes after 8 h at 40°C; while only 73% starch was hydrolyzed by free enzyme under identical conditions. A reusability experiment demonstrated that the immobilized enzyme maintained 83% activity even after 8-repeated uses. Jalal et al. [40] investigated covalent immobilization of α-amylase on Fe 3 O 4 MNPs via carbodiimide (CDI) activation. The efficiency of immobilization and residual activity of the immobilized α-amylase was dependent upon the immobilization temperature and mass ratio of NPs: CDI: α-amylase. The immobilized amylase showed more binding efficiency at room temperature and less residual activity compared to 4°C. The 4:1:1 ratio exhibited maximum remaining activity. Therefore, it was selected as the most appropriate ratio for immobilization. The optimum-pH remained unchanged for immobilized amylase at pH 5.0 but this preparation has shown more pH sensitivity above pH 6, 7 compared to free enzyme and there was no difference in pH profiles for amylase immobilized at room temperature or 4 o C. Magnetically separable α-amylase coated nanofibers were prepared for the purpose of hydrolysis of starch. α-Amylase coated nanofibers exhibited remarkably improved stability and retained more than 92.7% activity NPs. It has been noticed that the adsorption phenomena followed a typical Langmuir isotherm. The inverse of enzyme affinity for free amylase, 181.82 mg mL -1 was higher than that for immobilized enzyme, 81.97 mg mL
The adsorbed enzyme showed better storage stability. It was recorded that the enzyme was repeatedly adsorbed and desorbed without much loss in enzyme activity [42] . The adipic acid-modified MNPs support was used for efficient immobilization of C-terminally lysine-tagged α-amylase from thermophilic Bacillus sp. strain TS-23. Soluble amylase was active in the range of 45-70 o C and exhibited its optimum-temperature at 60 o C, while the heat stability of bound enzyme was remarkably enhanced upon immobilization. The immobilized enzyme demonstrated better storage stability compared to free enzyme and was reused 20-times without any loss in its initial activity [43] . The conjugate of α-amylase and AgNPs was prepared by using neem leaves extract as a reducing and stabilizing agent. AgNPs-α-amylase complex maintained 85% enzyme activity. Enzyme as nano-conjugate was determined to be remarkably more stable compared to soluble α-amylase [44] .
Lee et al. [45] evaluated the immobilization of amylase on the magnetic molecularly imprinted polymers (MMIPs) composite NPs. The activities of both bound template and rebound enzyme were confirmed by measuring glucose production from starch hydrolysis, at different temperatures, for MMIPs with different compositions. The highest hydrolytic activity of MMIPs was 1545.2 U g -1 .
MMIPs have advantages of high surface area, suspension, easy removal from reaction, and rapid reload of enzyme as compared to conventional catalytic processes. α-Amylase was adsorbed on 3-APTES-SiO 2 -Fe 3 O 4 MNPs and it retained 235 mg amylase g −1 nano-support. The enzymatic activity of the immobilized enzyme was 882 U g −1 which was nearly 79.53% of native enzyme activity. The immobilized enzyme exhibited remarkably very high heat stability and this enzyme preparation was quite stable up to 70 o C. Three repeated uses of immobilized enzyme showed no change in its original activity. This bound enzyme has reduced operational costs and alleviated complicated reuse problems in the conventional enzyme catalysis process [46] . Polyaniline-assisted Ag nanocomposites were used as a support for the covalent attachment of α-amylase. The covalently bound α-amylase showed very high pH and temperature stability compared to free enzyme. The starch was more rapidly hydrolyzed by immobilized α-amylase than the free enzyme in a batch process [47] . Sohrabi and coworkers [48] described covalent immobilization of α-amylase on the surface of silica-coated modified magnetite NPs functionalized by 3-APTES. The maximum starch hydrolysis was obtained by incubating 150 μg α-amylase for 4 h. The immobilized α-amylase exhibited maximum activity at pH 6.5 and 45 o C. After immobilization, the thermal stability of the enzyme was increased. The immobilized α-amylase retained about 85% of the initial activity after 6-repeated uses. The quick separation of amylase from reaction mixture was feasible using a magnetically active support. Carboxymethyl (CM) tamarind gum polymerized tetramethoxysilane (TMOS) was found quite effective for the immobilization of α-amylase. Nanohybrid matrix impregnated with 40 μg of α-amylase was used to hydrolyze soluble potato starch to glucose syrup. The optimum pH and temperature for the hydrolysis were pH 5 and 40 o C, respectively. The obtained K m was low and V max was high for immobilized enzyme compared to free enzyme. It showed that the affinity of the bound enzyme was significantly enhanced. The enzyme activity in nanohybrid matrix did not change for 90 d. The immobilization at the nanohybrid provided high stability, affinity and catalytic property of α-amylase [49] . Further, Singh and Ahmad [50] investigated the immobilization of diastase α-amylase into gum acacia-gelatin (GN) dual templated polymerized TMOS. This hybrid, doped with AgNPs, had remarkably enhanced full activity shelf life of impregnated enzyme. The optimum-pH for immobilized enzyme did not change compared to native enzyme. , V max 4.2909 mgm L -1 min -1 elucidated that the immobilization has enhanced the catalytic function of α-amylase. The immobilized enzyme demonstrated higher shelf life compared to free enzyme and the bound enzyme maintained 85% activity after 7-repeated uses [51] .
Sawarnatha et al. [52] carried out glutaraldehyde mediated covalent immobilization of α-amylase onto MNPs stabilized by GN. The immobilization of enzyme on GN-modified MNPs was 60% while 20% enzyme was attached to the unmodified MNPs. The optimum pH and temperature for maximum starch hydrolysis by immobilized amylase were pH 7.0 and 40°C, respectively. The thermal stability of GN-MNPs bound enzyme was markedly enhanced and the immobilized amylase maintained about 70% activity after 6 reuses. The enzyme activity was enhanced by 2-fold after immobilization, a good indication for its industrial application. α-Amylase was immobilized on metal chelate affinity chromatography support, poly(hydroxyethylmethacrylate-methacryloylam idotryptophan)-Ni
The maximum α-amylase adsorption on p(HEMA-MAT)-Ni 2+ nanospheres was at pH 4.0. Immobilized enzyme exhibited no change in pH-optima and kinetic parameters compared to free α-amylase. Thermal and storage stability were significantly superior for bound enzyme compared to the soluble form. Moreover, this support was repeatedly used for the immobilization of α-amylase [53] . Saware et al. [54] described a novel approach to understand the interaction of amylase with gold (Au) and silver (Ag) NPs and their impact on its activity. AuNPs were prepared by a citrate reduction method and AgNPs were obtained by biological methods. These NPs have both stimulated amylase activity in multiple studies. AuNPs have excellent biocompatible surfaces for the immobilization of enzymes. The activity of immobilized amylase was elevated 1-2-fold and pH and heat stability were markedly enhanced compared to native enzyme. The results showed that the immobilized amylase was highly useful for modulated degradation of starch. The α-amylase was produced under the conditions of high salt and organic solvents from moderately halophilic Marinobacter sp. EMB8 and purified enzyme was covalently immobilized on 3-APTES functionalized silica NPs using glutaraldehyde as crosslinking agent. Immobilized α-amylase exhibited 96% immobilization efficiency. Starch hydrolyzing efficiency of immobilized enzyme was much better than free enzyme. Moreover, the bound α-amylase maintained 75% activity after 5-repeated uses [55] .
Antony et al. [56] have investigated the simple adsorption of malt diastase α-amylase on nano ZnO via electrostatic interaction between enzyme and support. The binding of the enzyme with the support has been examined using IR analysis. The immobilized enzyme showed very high heat stability, higher K m , and lower V max compared to free enzyme. The immobilized enzyme retained 70% activity after 30 d of storage whereas the soluble enzyme lost its complete activity within 7 d. The bound enzyme maintained nearly 80% activity after its 4 th repeated use. α-Amylase was immobilized on novel MNPs coated with silica and gold. The optimum pH for immobilized enzyme remained unchanged at pH 7.0 while temperature optimum was increased from 60°C to 80°C. K m value of the immobilized α-amylase was higher than that of free α-amylase, whereas V max and K cat values were almost same. Immobilized α-amylase retained 60% of the enzyme activity even after its 10 repeated uses. Oktay et al. [57] described the immobilization of α-amylase onto polyvinyl alcohol-nanofibers functionalized with 2-bromoisobutyryl bromide and followed by surface initiated atom transfer radical polymerization of glycidyl methacrylate in a single step. The thermal stability of the enzyme was improved upon immobilization and its pH-optimum was shifted from pH 6.0 to 6.5. The immobilized enzyme retained nearly 76% of the initial activity for 30 d while the soluble enzyme lost its all activity within 15 days. Baskar et al.
[58] studied immobilization of α-amylase onto MNPs and they employed this enzyme preparation for hydrolysis of sweet potato starch into glucose. Immobilized α-amylase produced maximum glucose yield of 42.89 mg g -1 from 3% (w/v) sweet potato starch at pH 4 and 40°C in 80 min when the concentration of enzyme was 1% (w/v). The sweet potato starch was found to have more affinity towards magnetically immobilized α-amylase with K m of 0.16 mg ml -l and V max of 3.63 × 10 −3 μmol ml -1 . This magnetically bound α-amylase was easy to recover and reuse. Porcine pancreatic α-amylase was covalently immobilized on the modified MNPs.
The amino-functionalized NPs were prepared by treating silica-coated NPs with 3-APTES followed by covalent immobilization of α-amylase by glutaraldehyde. The optimum enzyme concentration and incubation time for immobilization reaction were 150 mg and 4 h, respectively. The α-amylase retained more than 50% of its specific activity after immobilization. The immobilized enzyme showed pH and temperature optima at pH 6.5 and 45°C, respectively. The K m for immobilized enzyme was increased whereas its V max decreased when starch was used as a substrate. Immobilized amylase was quickly separable magnetically. The immobilized enzyme exhibited very high thermo-stability and retained 68% of its initial activity after its 9 th repeated use [59] . Silica and gold coated MNPs were synthesized and used for the immobilization of α-amylase. The optimum pH for free and immobilized enzyme was noticed to be the same while the temperature optimum for immobilized enzyme was shifted to 80°C instead of 60°C for free enzyme. The K m for immobilized α-amylase was higher than that of free enzyme, whereas V max and turn over number, K cat values were almost similar. Immobilized α-amylase preserved about 60% of its activity after 10 th reuse [60] . Immobilization of α-amylase was carried out by ionic exchange and hydrophobic interactions on gold nanorods. The optimum pH and temperature for immobilized enzyme were increased from 50°C to 60 °C and pH was 6 to 7, respectively. The K m and V max values were 3 mg ml -1 and 6.4 μm min −1 for free and 3.4 mg ml -1 and 5.91 μm min −1 for immobilized enzyme. The immobilization provided a marked enhancement in heat and pH stability compared to soluble α-amylase. Immobilized enzyme retained higher activity than the free form when incubated for 1 h at 80°C and in the buffer of extreme pHs 3 and 10. In addition to improving thermal stability, the storage stability of α-amylse exhibited a significant increase upon immobilization which makes it a biocatalyst of possible industrial application, specifically a potential candidate for production of glucose syrups on an industrial scale [61] . The effects of different operational conditions of α-amylase covalently immobilized on MNPs, such as the concentrations of enzyme and glutaraldehyde, pH, and ionic strength have been evaluated using a central composite design. Moreover, two responses, the α-amylase activity and amount of immobilized enzyme were simultaneously examined using Derringer's desirability function. The obtained optimum amount and activity of immobilized enzyme were 24.83% and 556.41 mg g MNP −1 at an initial α-amylase concentration of 999.86 ppm, solution pH of 4.6, glutaraldehyde concentration of 0.59%, ionic strength of 99.99 mM and a process time of 4 h. The storage stability and reusability of the immobilized enzyme were recorded as 50% and 40% of the original activity after 12 d and 6 repeated uses, respectively [62] .
Tayebi et al. [63] synthesized water soluble thioglycolic acid-capped CdS quantum dots (QDs) of 5.60 nm crystallite size, hexagonal wurtzite structure, and spherical morphology and used such QDs for the immobilization of α-amylase. The photoluminescence spectroscopy was done to examine the presence of starch solutions. The result of photoluminescence quenches in the range of investigated concentrations (0-100 ppm) was best explained by the Michaelis-Menten model. The obtained K m for immobilized α-amylase was about 68.08 ppm which exhibited a high potential of enzyme to hydrolyze starch. The final detection limit, L OD was noted as 24 ppm. Nano-zeolite was employed to immobilize α-amylase via glutaraldehyde. The binding efficiency of the immobilized α-amylase was conserved as 58.44% of its native activity. The immobilized enzyme demonstrated higher stability compared to the free enzyme at higher temperatures and pH variations. Immobilization also caused an increase in the enzyme stability during storage [64] . Radovanovic and coworkers [65] demonstrated immobilization of α-amylase via adsorption on magnetic particles coated with polyaniline. The obtained magnetic particles were agglomerates of NPs with sizes below 100 nm. The maximum amount of adsorbed α-amylase of 10/100 mg support was determined at the 5 mg ml -1 enzyme concentration. The good agreement of the equilibrium data with the Langmuir isotherm model confirmed the monolayer coverage of enzyme molecules on the surface of MNPs. The maximum adsorption capacity was noticed as 55.6/100 mg support at 25°C. The adsorbed enzyme maintained 55.5 ± 1.63% of its initial activity after 9 repeated uses in starch hydrolysis at 60°C in a batch reactor. The immobilized enzyme also showed high storage stability.
Amylases have been employed in textile, leather, paper, and detergent industries for fabric washing, desizing of fabrics, and starch processing due to having starch degrading features [66, 67] . Amylase immobilization was done onto various biocompatible supports by adopting various methods to enhance its thermal and storage stability. The immobilization of amylase onto albumin matrices such as bovine serum albumin (BSA) and egg albumin (EA) has proved quite economic and non-toxic. Recently some workers have investigated the immobilization of amylases from various sources, Cicer arietinum, Pennisetum glaucum, etc. by entrapping them into BSANPs and EANPs and the loading of enzymes were driven by different kinds of oils such as almond, coconut, jasmine, mustard and olive, and butanol and glutaraldehyde. These BSANPs and EANPs mediated immobilized amylase have shown very high stabilities against various kinds of denaturants and were retaining remarkably high activity upon their repeated uses [68, 69] . Some of these preparations were found more effective than commercially available detergent powders (Aerial, Surf Excel, Wheel and Tide) for washing of cloth pieces having stains of coffee, tea, pomegranate, and turmeric [69, 70] . These stains were reluctant to be cleaned by simple detergents in one wash. However, these cost effective bioactive amylases loaded BSA/EA nanopreparations together with some commercially available detergents were found to be quite effective in removing even reluctant stains as compared to the results when washing of stained cloth pieces was done with detergents only. These bioactive enzyme-BSANPs/ EANPs were used as nano-woolen shampoo additives with branded woolen shampoo named, Wool Shampoo for Sheepskin and Wool Products to test their stain removal efficacy on stained woolen fabric without affecting the delicacy and softness of the selected fabric. The stains were created by daily/routine use of shoe polish and hair color dye and such types of stains were very difficult to wash off from the woolen fabric or required a couple of pre-washing practices. Keeping in mind this domestic or industrial washing issue, stains were selected very thoughtfully. It is evident from these investigations that the selected stains are better removed from woolen fabric when washed with commercially available wool shampoo along with bioactive prepared with different oils driven amylases bound BSANPs/EANPs solution as compared with washing done by using only wool shampoos [ [70] [71] [72] [73] [74] .
α-Amylase inhibitors are very important drugs to manage two highly common health problems; diabetes and obesity [75] . Several procedures have been adopted to find novel and potent α-amylase inhibitors from medicinal plants, yet very few of them have been commercialized [76] . In order to rapidly discover potent α-amylase inhibitors from medicinal plants, a ligands-screening method based on MNPs immobilized-enzyme integrated with HPLC has been developed. Amine-terminated MNPs were prepared for the immobilization of α-amylase and α-amylase-coated MNPs were employed to screen ligands/ drugs from the extracts of Garcinia xanthochymus and the elutes were examined by HPLC. The results showed 3 screened ligands. Isolation and identification were carried out subsequently by analyzing UV, MS and NMR spectra. The screened ligands were identified as 3 biflavonoids including GB2a glucoside (2), GB2a (3) and fukugetin (4) . The IC 50 value of these compounds was also determined. The results showed that the adopted approach was efficient and accurate and has great potential in rapid discovery of drugs from medicinal plants [77] .
The recent developments in nanotechnology has opened new opportunities for enzyme immobilization. Nanoparticles function as highly efficient and costeffective enzyme carriers with promising applications in various industries and clinical fields. The α-amylase immobilized onto surface of nanoparticles provided enhanced storage stability, thermostability and reusability which promised potential applications in food, fuel, and detergent industries [61, 62, 73, 74] . NMs immobilized α-amylase have successfully been used for the screening of various drugs from medicinal plants [77] 3 Amyloglucosidase/glucoamylase/ α-glucosidase Glucoamylase (1,4-α-D-glucan glucohydrolase, EC 3.2.1.3) catalyzes hydrolysis of α-1,4 and α-1,6 glucosidic bonds to release β-D-glucose from non-reducing ends of starch and related poly-and oligosaccharides [78] . Fungal glucoamylases are commonly exploited for the production of glucose and fructose syrups. Table 3 summarizes various NMs immobilized glucoamylases/amyloglucosidases/ α-glucosidases, their mode of immobilization, and improved properties. Hu and colleagues [79] optimized covalent immobilization of α-glucosidase on the magnetic nanospheres via glutaraldehyde. Immobilized enzyme showed high activity and stability against various forms of denaturants. The obtained immobilized α-glucosidase was repeatedly used for at least 10-cycles without any loss in its activity. Amyloglucosidase (AMG) from Aspergillus niger has been covalently attached via sonication on silver-iron oxide NPs. After immobilization it has been noticed that specific activity of the enzyme increased several folds, 807 U mg -1 as compared to 69 U mg -1 for native enzyme. Significantly high enzyme activity was maintained by immobilized AMG after prolonged storage at room temperature [80] . Cang-Rong and Pastorin [81] evaluated the binding of AMG on the nanosupport via both physical adsorption and covalent binding onto single-walled carbon nanotubes and multi-walled carbon nanotubes. The covalent attachment was performed, both on oxidized nanotubes (via CDI), as well as on aminofunctionalized nanotubes (via periodate-oxidized AMG). The physically adsorbed enzyme showed better catalytic efficiency than the covalently immobilized AMG.
Odaci et al. [82] constructed a bi-enzymatic system by co-immobilization of α-glucosidase and pyranose oxidase for maltose analysis. The immobilization was done by cross-linking enzyme mixture, CS, and carbon nanotube via glutaraldehyde. A fast linear response of the biosensor was observed for maltose from 0.25 to 2.0 mM at 35 o C and pH 6.0. The biosensor was used to detect maltose in beer samples and it was observed that the complex matrix of natural beer samples did not influence biosensing response. These findings were in good agreement with those done by using spectrophotometry. Glucoamylase was covalently coupled to the amino-functionalized MNPs by crosslinking with glutaraldehyde. Two novel strategies for the regeneration of supports were successfully developed to regenerate them at the end of life of immobilized glucoamylase. The findings of the work indicated that the strategies for regeneration of carriers were viable and regenerated matrix was reused again for immobilization of glucoamylase and other enzymes [83] . In a further study, a similar group has reported immobilization of glucoamylase on functionalized magnetic carbon nanotubes (CNTs) by adsorption, covalent binding and metal-ion affinity interactions. The magnetic CNTs immobilized glucoamylase exhibited superior stability and reusability compared to free enzyme. Moreover, the findings of the work showed that the metal-chelate dendrimer provided an efficient method to immobilize enzymes via metal-ion affinity interactions. [84] . Goh et al. [85] immobilized AMG on magnetic single-walled CNTs. Enzyme was attached to the support by physical adsorption and covalent attachment. Immobilized AMG retained its full activity when stored at 4 o C for over one month. Aspergillus niger AMG was directly immobilized by the novel method of crosslinked enzyme aggregate onto MNPs. AMG was covalently linked to the MNP to form a monolayer of AMG (MNP-AMG), followed by crosslinked aggregates with free AMG, which was not immobilized to yield MNP with high enzyme loading (MNP-AMGn). Very high recovery, 92.8% of enzyme activity was achieved under standard experimental conditions, in MNP-AMGn using 14-times less support as compared to the amount of support needed by traditional procedure. MNP-AMGn exhibited greater affinity for substrate, very high thermal and storage stability, and reusability [86] .
Saylan and coworkers [87] synthesized a hydrophobic group/comonomer N-methacryloyl-(l)-alanine containing 2-hydroxyethyl methacrylate-based magnetic hydrophobic NPs by using a microemulsion polymerization technique for immobilization of AMG. The maximum AMG adsorption [96] capacity of magnetic hydrophobic NPs was 294.42 mg g -1 at pH 3.0. The optimum pH and temperature for free and immobilized AMG were pH 5.0 and 60 o C. The K m for immobilized AMG was greater than free enzyme, whereas the V max was lower for immobilized AMG compared to native enzyme. Glucoamylase AMG 300L was covalently coupled to the modified MNPs support via glutaraldehyde. The immobilized enzyme showed specific activity of 148 U g -1 of the support. The higher value of K m and a lower energy of activation indicated limitations of mass transfer during immobilized glucoamylase catalyzed reaction. The immobilization was almost completely terminated after 30 min. The highest immobilization yield was obtained when enzyme was coupled with 10 mM glutaraldehyde for 30 min at 30 o C. Moreover, immobilized glucoamylase retained nearly 60% of its activity after 9-repeated uses [88] .
Graphite nanosheets decorated by Fe 3 O 4 NPs and functionalized for amine groups by 3-APTES was employed for the immobilization of glucoamylase by using glutaraldehyde as a coupling reagent. The immobilized glucoamylase showed significantly high activity and reusability [89] . Nanostructures of hybrid graphene oxideFe 3 O 4 activated cyanuric chloride were used for the covalent immobilization of glucoamylase. The nanocomposite bound enzyme retained very high activity at pH 6.5 and 60°C and showed improved reusability and stability compared to free enzyme [90] . Gan et al. [91] carried out the immobilization of glucoamylase based on crosslinked gelatin NPs (CGNPs) via adsorption and entrapment. The efficiencies of glucoamylase loading were 59.9% and 24.7% for entrapment and adsorption, respectively. The adsorbed enzyme was released when the temperature was above 40°C and released enzyme showed the same activity as expressed by native enzyme. Moreover, no enzyme release was detected when temperature was below 40 o C. The efficiency of temperature-triggered release was as high as 99.3% for adsorption method, whereas the release of enzyme from the entrapment method has not been observed. The findings of this work exhibited that CLGNPs are promising carriers for temperature-mediated immobilization and release of glucoamylase and this method will be an excellent choice for the immobilization of other enzymes. Glucoamylase from Aspergillus niger was directly immobilized on carboxyl functionalized magnetic Fe 3 O 4 NPs. As a result, it could gain an enzyme loading with 120 mg glucoamylase g -1 MNPs and specific activity of 90 U mg -1 protein while 1 mg mL -1 glucoamylase and 10 mg mL -1 ferrofluid were mixed at pH 6.0 and 25°C for 16 h. The immobilized enzyme exhibited same or better storage, pH and thermal stability than free enzyme. The remaining activity for immobilized enzyme was about 40% after 8 repeated uses [92] . Glucoamylase was ionically adsorbed on magnetic/CS microspheres, which were prepared by self-assembly of CS on iron oxide MNPs. The immobilized glucoamylase showed excellent storage and pH stability, reusability, magnetic response and regeneration of supports. Therefore, such magnetic/CS microspheres with perfect monodispersity would be an ideal support for enzyme immobilization [93] . In a further study, Wang et al. [94] obtained an alternative layered assembly of CS and glucoamylase on the surface of aldehyde modified Fe 3 O 4 MNPs via ion exchange method. Five layer immobilized glucoamylase had excellent catalytic activity, storage and pH stability, and reusability as compared to soluble enzyme. Bound enzyme retained above 60% activity at 65 o C for 6 h. The pH and temperature optima were also shifted towards higher side for immobilized glucoamylase. MNPs bound enzyme maintained about 73% of the original activity even after 10-repeated uses. In a recent investigation, the same group has carried out the immobilization of glucoamylase on a size-tunable mesoporous carboxylfunctionalized magnetic colloidal nanocrystal cluster which were prepared by a facile one-pot synthesis method. Immobilized glucoamylase showed remarkably very high thermal stability and reusability in comparison to native enzyme. In addition, the immobilized enzyme maintained about 60% activity after 10-repeated uses [95] . Syed et al. [96] covalently immobilized glucoamylase from Neurospora sitophila on the phytochemicals coated AgNPs via EDC (1-(3-(dimethylamino) propyl) 3-ethylcarbodiimidehydrochloride) coupling reaction. The immobilized enzyme showed higher pH and thermal stabilities, K m and V max values compared to soluble enzyme.
NMs bound glucoamylases have demonstrated significantly high yield of immobilization and excellent catalytic efficiency. Glucoamylases immobilized on/ in nanosupports retained remarkably high stability against the inactivation mediated by pH, heat, inhibitors, products, and storage as compared to soluble enzyme. Such immobilized enzyme preparations were found highly stable on prolonged use in the reactors and on repeated uses in batch processes [92] [93] [94] [95] [96] .
Pullulanase
Pullulanases hydrolyze α-1,6-glucosidic bonds present in pullulan, amylopectin, and glycogen molecules [2] . Table  4 lists various NMs bound pullulanases, their mode of immobilization, and improved properties. Long et al. [97] investigated immobilization of pullulanase on magnetic CS/Fe 3 O 4 NPs (CS-MNPs) by using glutaraldehyde as a coupling agent. Both the amount of immobilized pullulanase and activity retention increased with increasing enzyme concentration, 15-60 μg mL -1 during the process of immobilization and the maximum activity retention at pH 3.5 was 93.5%. The immobilized enzyme demonstrated broadened pH and thermal stability. The optimum pH of immobilized pullulanase, pH 3.5 was lower than the free enzyme, pH 4.4. The immobilized enzyme maintained about 84% activity after 5 h incubation at 60 o C in contrast to 58% by free enzyme. Moreover, the immobilized enzyme preserved more than 56% activity after 8-repeated uses. Partially purified Fontibacillus sp. pullulanase was covalently attached to the Florisil ® and nano-silica via glutaraldehyde and (3-glycidyloxypropyl) trimethoxysilane spacer arms. The enzyme bound to Florisil ® and nano-silica via glutaraldehyde spacer arm retained 85 and 190% activity as compared to its soluble form, respectively. However, the enzyme immobilized on the same supports via (3-glycidyloxypropyl) trimethoxysilane spacer arm showed no activity. Both immobilized enzyme preparations exhibited pH optima at 5.0 while the free pullulanase had pH optimum as 6.0. The thermal stabilities of pullulanases immobilized on Florisil ® and nano-silica were enhanced 6.5-and 15.6-folds, respectively at 35 °C and 6.6-and 16.0-folds, respectively, at 50 °C. Florisil ® and nano-silica immobilized pullulanases retained 71 and 90% of original activity after 10 repeated uses, respectively [98] . Pullulanase has been immobilized onto hybrid magnetic (Fe 3 O 4 -κ-carrageenan) NPs, which involved in situ synthesis of magnetic carrageenan NPs and production of pullulanase/CS complex. It was found that the activity retention of immobilized pullulanase and amount of enzyme loaded under optimal experimental conditions were 95.5% and 96.3 mg g -1 , respectively. The immobilized enzyme retained remarkably high operational stability and maintained nearly 61% of its activity after 10 repeated uses. It has been noticed that enzyme leakage during enzymatic reaction was remarkably minimized. Furthermore, the activity of immobilized pullulanase was markedly (p < 0.01) higher than that of its free form in a low pH range (pH < 3.0) and temperature over 60°C and the immobilized enzyme retained 45% of its initial activity after 5 h at 60°C compared to 21% for free enzyme. The findings of the work have demonstrated that immobilized pullulanase was quite effective in terms of catalytic activity and was exploited for continuous hydrolysis of starch in the food industry [99] . Magnetic CS/Fe 3 O 4 NPs prepared by in situ mineralization of Fe 3 O 4 in CS hydrogel were first modified by 3-APTES and it was used as carriers for the immobilization of pullulanase. The immobilized enzyme showed high activity, (>70%) and the affinity between enzyme and substrate was improved. However, compared to the enzyme immobilized by electrostatic adsorption (87% of its initial activity lost after 10 consecutive reuses), the enzyme immobilized by covalent binding was quite stable and there was less loss of activity. The highest activity retention (89%) and operational stability (61% residual activity after 10 consecutive reuses) were obtained under the condition of 1.6 amino groups per nm 2 and 15% glutaraldehyde (v/v, dimmer of glutaraldehyde). Therefore, the CS/MNPs prepared by in situ mineralization proved to be a suitable carrier. Moreover, immobilized pullulanase exhibited good resistance to metal ions and detergents [100] . The complexes of pullulanase with CSs of different molecular weights (MW) were prepared, and these complexes were immobilized onto Fe 3 O 4 -κ-carrageenan NPs. The binding constants for the CS-pullulanase interaction increased in the following order: CS-500<CS-400<CS-50<CS-200. The binding induced alterations in the protein secondary structure, which may influence the catalytic activity of immobilized pullulanase. CS-50 immobilized pullulanase exhibited the highest enzymatic activity. These results showed that the complexation behavior was mainly dependent on CS MW. This study demonstrates a technique for the production of immobilized pullulanase after complexation that exhibited potential for applications in continuous syrup production [101] . It is evident from the results that the nanosupports immobilized pullulanase preparations showed very high stability, reusability, and easy applicability in batch as well as in continuous reactors. Furthermore, the high yield of immobilization proved that there is a low hindrance during binding of substrate on the active site of enzyme immobilized on nanosupport [97] [98] [99] [100] [101] .
β-Amylase
β-Amylase (EC 3.2.1.2) acts on starch, glycogen, and other related polysaccharides and oligosaccharides producing maltose [102] . It catalyzes the hydrolysis of second α-1,4 glycosidic bonds, cleaving off two glucose units together, producing maltose from non-reducing end. β-Amylases are present in yeasts, molds, bacteria and plants, particularly in the seeds. It hydrolyzes starch into maltose during ripening of fruit, resulting in the sweet flavor of ripe fruit. This enzyme also has other names such as saccharogen amylase, glycogenase, 1,4-alpha-D-glucan maltohydrolase. The systematic name for the enzyme is 4-α-D-glucan maltohydrolase. Animal tissues do not contain β-amylase, although it may be present in microorganisms contained within the digestive tract [103] . The immobilized enzyme was characterized by using FT-IR, SEM, XRD and EDAX. The thermal stability of the immobilized enzyme was remarkably enhanced compared to soluble enzyme. The immobilized β-amylase showed highest activity at pH 7.0 and 40°C, respectively [104] . The β-Amylase immobilized on this novel magnetic nanosupport showed very high efficiency of immobilization and it was quite easy to separate magnetically from the reaction mixture.
Conclusion
Amylolytic enzymes play a pivotal role in catalyzing the liquefaction and saccharification of starch and its derivatives. However, their instability upon repetitive/ prolonged use, as well as their inhibition by high substrate and product concentrations, remains an area of concern. In this study, different amylolytic enzymes from varying sources have successfully been immobilized on or within a large number of NMs of varying compositions. It appears from the analysis performed in this review that most of the covalently bound and physically adsorbed amylolytic enzymes showed very high catalytic efficiency and yields of immobilization. This is because binding of support with the enzyme does not create any steric hindrance. It has also been observed in several cases that the binding of NMs with enzymes increased their activity. The NMs bound amylolytic enzymes have been investigated for stability, applicability, and reusability. It has been revealed from the findings contained in this review that most of the NMs bound enzymes are highly stable against various kinds of physical and chemical denaturants. Immobilized enzyme preparations were found to be highly stable upon prolonged storage and retained excellent activity even after several repeated uses. Amylolytic enzymes immobilized on NMs were found most successful in hydrolyzing higher amounts of starch while the free enzyme could hydrolyze a lesser quantity of starch. BSANPs/EANPs entrapped amylases appear to be very good additives along with commercially available detergents in removing recalcitrant stains (created by synthetic polishes, dyes and other kinds of household and industrial products) from clothes, leather and woolen clothes. NMs bound enzymes have been employed in various fields such as food and fuel industries, biosensor and bioremediation, drug screening, detergent formulation, textile industry, baking, brewing, and many other fields.
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